Imidazolidin-4-ones are suitable in practical applications as hydrolytically cleavable precursors for the controlled release of fragrant aldehydes and ketones. The corresponding profragrances were prepared by treating aliphatic carbonyl compounds with commercially available amino acid amines in the presence of a base to yield mixtures of diastereomers. The two diastereomers isolated from the reaction of glycinamide hydrochloride with (-)-menthone were separated by column chromatography. The absolute stereochemistry of the isomers was determined by NMR spectroscopy and confirmed by X-ray single crystal structure analysis. Under acidic conditions and in protic solvents, the two diastereomers slowly isomerized without releasing the ketone.
Introduction
Bioactive volatile compounds, so-called semiochemicals or signalling compounds, serve in nature as a means for the communication between species. As a consequence of their pleasant smell or taste to humans, some of these compounds are also used as flavors or fragrances in our everyday life. [1] To be perceived, these compounds must evaporate from a surface and move through the air to reach their target. As a result, they have high volatilities (vapor pressures) and, thus, a limited duration of smell. To increase the duration in the perception of fragrances in functional perfumery, so-called profragrances or properfumes have been developed as nonvolatile precursors, which slowly release volatile compounds by covalent bond cleavage under mild environmental conditions. [2, 3] Water is presumably the most commonly used solvent for applications in functional perfumery, and therefore, hydrolytically labile precursors are particularly interesting as profragrances.
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The hydrolysis of the precursors was investigated by solvent extraction from buffered aqueous solutions and a cationic surfactant emulsion, as well as by dynamic headspace analysis after deposition onto a cotton surface. Generally, ketones were shown to be more readily released than aldehydes. Increasing the size of the substituents at C-5 decreased the rate of hydrolysis in solution and on the cotton surface. Glycinamide-based imidazolidin-4-ones were more efficient than the corresponding oxazolidin-4-ones or oxazolidines. Neither the release rates in solution, nor the hydrophobicity of the precursor structure (which influences deposition), nor the combination of these two parameters allowed easily predicting the performance of the delivery systems in application.
labile profragrances depends on the behavior of the precursors at different pH levels and, in particular, in the presence of surfactants. However, fragrance delivery systems usually must be stored in an aqueous environment. An ideal compromise between high precursor stability (during product storage) and efficient hydrolysis to release the volatile (in use) is often difficult to achieve.
[2]
1,3-Heterocycles have been repeatedly considered as hydrolytically cleavable precursors for the release of fragrant aldehydes or ketones (see Figure 1) .
[2] Although successfully applied under certain conditions, cyclic acetals or ketals [4] are generally too stable to efficiently release the correspond- Published in which should be cited to refer to this work.
ing aldehydes or ketones under mild reaction conditions at neutral pH. Efforts have been made to prepare less stable heterocycles and, thus, to increase the rates of hydrolysis by introducing various substituents onto the heterocycle. The rate of aldehyde release from dicarboxyldioxolanes, for example, was expected to be influenced by varying the bulkiness of the carboxylate ester groups, [5] and other structures obtained by modifying the substitution on the heterocycle include dioxolanones [6] or aldoxanes. [7] In addition, less stable heterocycles such as oxazolidines [8] or imidazolidines (aminals) [9, 10] have been explored to control the release of fragrances. While oxazolidines have been reported to rapidly hydrolyze in aqueous media under acidic or neutral conditions, [11] aminals form an equilibrium with the corresponding diamine and aldehyde (see Scheme 1) . [12] Aminals, presumably the least stable compounds in the series, have been explored as "classical" profragrances to be hydrolyzed [9] or, by profiting from the reversibility of the system, as dynamic mixtures obtained by reacting a diamine with several aldehydes or ketones. [10] In search of easily accessible and biocompatible precursor systems, we investigated the use of amino acid amides in the formation of imidazolidin-4-ones (imidazolidinones). Aldehydes or ketones react with amino acid amides and (di)peptides to form imidazolidinones, which have previously been investigated as prodrugs by several research groups. [25] [26] [27] [28] [29] In particular, the formation of hetacillin from 6-(d-α-aminophenylacetamido)penicillanic acid (ampicillin) with acetone [29] and the preparation of the imidazolidinone derivatives of primaquine as peptidomimetic antimalarial drugs [25] have been studied in some detail. Despite the reversibility of the reaction, [21, 29] imidazolidinones have been described to be relatively stable at neutral pH and to hydrolyze under acidic conditions. [25] [26] [27] [28] [29] [30] [31] Hydrolysis in a buffered solution was found to be of pseudo-first order (with half-life times of several hours or days at physiological pH) and neither acid-nor base-catalyzed. Both the substituents at the C-2 and C-5 imidazolidin-4-one moiety influenced the reactivity. [21, 25, 27] From these findings and in view of our recent studies using dynamic mixtures obtained by the reversible formation and hydrolysis of aminals with fragrant aldehydes and ketones, [10] we investigated the potential of imidazolidinones as precursors in the controlled release of fragrant aldehydes and ketones by optimizing their synthesis and purification, by studying their hydrolysis in aqueous media, and by testing their performance in different applications of functional perfumery in more detail. [38] In this work, we focused our interest on the use of aliphatic aldehydes and ketones.
Results and Discussion

Synthesis and Isomerization of Imidazolidinones
Imidazolidinones 1-9 (see Figure 2) were prepared by treating commercially available 2-aminoacetamide (hydrochloride) derivatives with typical fragrant aldehydes or ketones. Profragrances 1a-1d were obtained starting from (Ϯ)-3-phenylbutanal (Trifernal ® ) in ethanol with solid K 2 CO 3 to trap the water formed during the reaction. As glycinamide, l-alaninamide, and l-phenylalaninamide were available as hydrochlorides, 1 equiv. of triethylamine (TEA) was added to neutralize the hydrochloride salt, whereas dprolinamide [(S)-pyrrolidine-2-carboxamide] was not treated with TEA. Compounds 1a-1d were obtained in reasonable to good yields by simply heating at 60°C for 1 d. Although this method worked well for the preparation of a series of Trifernal ® derivatives, it turned out not to be generally applicable to the preparation of imidazolidinones from other carbonyl compounds. To extend our delivery systems to the release of ketones, we investigated the formation and purification of imidazolidinones in more detail. A series of methods allowing the preparation of imidazolid- inones from amino acid amides with aldehydes or ketones have been described. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [30] [31] [32] [33] [34] [35] [36] [37] According to the literature, imidazolidinones from aliphatic aldehydes or ketones were prepared in polar solvents such as dimethylformamide, [14] methanol, or ethanol [18] [19] [20] [21] [22] and, in particular, if the hydrochloride of the amino acid amide was used, they were prepared in the presence of a base (TEA or NaOH). [23] [24] [25] [26] Pure products were obtained by acidic workup and column chromatography [14, [19] [20] [21] 25, 26] or by extraction and recrystallization. [24] Alternatively, reactions were carried out in methanol or isopropanol by using zeolites, para-toluenesulfonic acid, acetic acid, or trifluoroacetic acid (TFA) as catalysts. [15] [16] [17] Imidazolidinones of sterically demanding pivalaldehyde were prepared under acidic conditions (in the presence of TFA) in dichloromethane or toluene [13, 39] followed by basic workup and crystallization or chromatography to afford pure imidazolidinones in moderate to good yields. Other methods describe the reaction in benzene or toluene with the azeotropic removal of water, typically in the presence of an acidic catalyst. [18, 30, 33, 34] A series of imidazolidinones of aromatic aldehydes or aliphatic ketones was also obtained without the addition of solvent. [31, 32] To have a universally applicable method for the synthesis of imidazolidinones, we optimized the preparation of imidazolidinones 3a, 4a, 5a, and 6a (see Figure 2 ) by treating glycinamide hydrochloride with (R)-3,7-dimethyl-6-octenal
, 2-heptanone, and (Ϯ)-5-methyl-3-heptanone, respectively, on the basis of some of the above-mentioned literature procedures. [13, 20, 24, 25, 39] Treatment of glycinamide hydrochloride with (R)-citronellal in dichloromethane or toluene in the presence of TFA [13, 39] entirely consumed the aldehyde, but did not afford target compound 3a. 2-Heptanone, (Ϯ)-5-methyl-3-heptanone, and (-)-menthone did not react under these conditions, and the unreacted ketones were the only products isolated. The reaction of glycinamide hydrochloride in ethanol, in the absence of TEA, [20] afforded imidazolidinone 3a in low purity, but no reaction occurred in the case of the ketones.
In the presence of TEA, [24, 25] imidazolidinones 4a-6a were finally isolated in reasonable purity after bulb-to-bulb distillation (to remove the remaining unreacted ketones), and pure 3a and 3b were obtained after plug filtration through silica gel using ethyl acetate as the eluent. Imidazolidinones of (Ϯ)-3,5,5-trimethylhexanal (i.e., 2a-d), (Ϯ)-2-methylundecanal (i.e., 7a and 7b), hexanal (i.e., 8a), and (Ϯ)-2,4-dimethyl-3-cyclohexene-1-carbaldehyde (Triplal ® , i.e., 9a) were prepared accordingly. With the exception of 5a and 8a, the imidazolidinones were isolated as mixtures of diastereomers.
Column chromatography of 4a allowed separating the two diastereomers (5R,6S,9R)-4a (eluting first) and (5S,6S,9R)-4a (eluting second), both of which were fully characterized. The absolute stereochemistry of the two isomers was determined by 1D and 2D homonuclear and heteronuclear 1 H and 13 C NMR experiments in CDCl 3 and confirmed by X-ray single crystal structure analysis. Some single crystal structures of different imidazolidin-4-one derivatives have already been reported in the literature. [16] [17] [18] [19] 36] Compound (5S,6S,9R)-4a (200 mg, isolated from a pure chromatography fraction) was dissolved in a mixture of 0.5 mL of ethyl acetate and 2.5 mL of heptane and left to crystallize overnight. X-ray crystal structure analysis showed the presence of multiple twinned crystals, which were not suitable for single crystal X-ray diffraction.
Recrystallization from pure heptane finally afforded colorless single crystals, allowing for precise X-ray crystal structure determination (see Figures 3 and 4) . Figure S3 ) to yield an eight-membered hydrogen-bonded ring system with H-1-N-1-C-1-O-1 and the symmetry equivalents of a neighboring molecule, whereas H-2 forms a short contact with O-1 of yet another neighbor, with the angle of N-2-H-2···O-1 be-
When left on silica gel, compound (5S,6S,9R)-4a partially equilibrated to the (5R,6S,9R)-4a isomer, presumably according to the mechanism illustrated in Scheme 2.
The isomerization of (5R,6S,9R)-and (5S,6S,9R)-4a under acidic conditions was investigated in more detail by mixing small amounts of the pure diastereomers with silica gel or TFA (at a final concentration of 0.1 %) in ethyl acetate or chloroform. The product mixtures were stirred overnight (approximately 15 h) and analyzed by NMR spectroscopy. Table 1 illustrates the product distributions obtained under the different conditions. Isomerization was relatively slow, as stable equilibrium conditions [equal to constant amounts of (5R,6S,9R)-and (5S,6S,9R)-4a] were not reached after approximately 15 h. Isomerization only occurred in protic solvents or in the presence of a proton source such as acidic silica gel or TFA.
Leaving a solution of the pure isomers (5R,6S,9R)-4a or (5S,6S,9R)-4a in methanol for several days showed that an equilibrium between the two isomers was in fact reached, resulting in a final composition of (5R,6S,9R)-4a/ (5S,6S,9R)-4a of approximately 2:3, independent of the 6S,9R)-4a  8 0  9  8 0  6  8 9  2 8  7 9  8  (5S,6S,9R)-4a  20  91  20  94  11  72  21  92 structure of the starting isomer as shown by 13 C NMR spectroscopic data recorded at different time intervals (see Figure 5 ). The formation of (-)-menthone was not observed under these conditions. Solutions of the isomer (5S,6S,9R)-4a in CDCl 3 or C 6 D 6 , for example, did not isomerize even after standing for 400 h. and (5S,6S,9R)-4a (dotted lines) during equilibration in CD 3 OD as determined by 13 C NMR spectroscopy, starting from pure (5R,6S,9R)-4a (᭹) or pure (5S,6S,9R)-4a (). For numerical data, see Exp. Section.
Synthesis of Structurally Related Oxazolidinones and Oxazolidines
To compare the performance of fragrance release from the imidazolidinones with that of other hydrolytically cleavable 1,3-heterocycles, we prepared oxazolidin-4-one 10 and oxazolidine 11 (see Figure 6 ) as additional reference compounds, both of which were expected to release 3,5,5-trimethylhexanal. A few literature methods describe the synthesis of oxazolidin-4-ones by reaction of an α-hydroxyamide with the corresponding carbonyl compound in toluene or benzene and in the presence of para-toluenesulfonic acid. [40, 41] Although reasonable yields have been reported in the literature, the reaction of 2-hydroxyacetamide with different aldehydes under these conditions gave only small amounts (5-10 %) of the desired oxazolidin-4-ones. We finally prepared oxazolidin-4-one 10 by reaction in tetrahydrofuran (THF) in the presence of boron trifluoride etherate. [41] Again, the desired product was obtained in only modest yield (11 %).
Nevertheless, with sufficient amounts of product in hand to serve as a reference for the release studies, we did not further optimize the preparation of the oxazolidin-4-ones. Oxazolidine 11 was prepared without any difficulty by reaction of 2-(methylamino)ethanol with the corresponding carbonyl compound under para-toluenesulfonic acid-catalyzed cyclization along with the azeotropic removal of water.
Hydrolysis of Imidazolidinones in Aqueous Media
The hydrolysis of imidazolidinones was investigated in buffered aqueous solutions at pH = 4.6 (potassium hydrogen phthalate) and 7.3 (sodium/potassium phosphate), thus covering a slightly acidic or neutral pH range, typically found in various perfumed consumer articles. For solubility reasons, the buffers were prepared in a mixture of water/ acetonitrile (4:1). Furthermore, because most formulations of applied perfumery contain surfactants, we also analyzed the hydrolysis of the imidazolidinones in an emulsion of a cationic surfactant in water at pH = 4.4. As a surfactant helps to solubilize hydrophobic compounds in an aqueous environment, the emulsion was prepared in pure water.
For our studies, we chose a quaternized triethanolamine ester of fatty acids (TEA-esterquat) as the cationic surfactant, which is commonly used as a rinse-added fabric softening agent. [42] Concentrated fabric softener formulations typically consist of approximately 15 % (w/w) of the esterquat (mixture of mono-, di-, and triesters) in water, up to 1 % perfume, small amounts of CaCl 2 , and, optionally, a dye. In use, this concentrated formulation is diluted by a factor of about 300-400 before coming into contact with the fabric, onto which the surfactant, the perfume, and the profragrances are then deposited. [43] Aggregation of the surfactant to form micelles enables the precursor (as well as the carbonyl compounds released from them) to partition between the inside and outside of the surfactant aggregates. The hydrophilicity or hydrophobicity of the different compounds, expressed by their logarithmic octanol/water partition coefficients (log P o/w ), [44] might influence the partition and could therefore have an influence on the hydrolysis of the compounds. Table S1 (see Supporting Information) summarizes the calculated log P o/w of the precursors prepared as described above. [45] Release measurements were carried out in duplicate in a glass flask by adding an ethanolic solutions of imidazolidinones 1-9 to either one of the buffer solutions or the cationic surfactant emulsion to give a final concentration of approximately 1.5 ϫ 10 -4 mol L -1 . The samples were shaken vigorously and left at room temperature (21.7°CϮ1.7°C) for two weeks. At different time intervals, an aliquot of the solutions or the emulsion was removed by pipette and extracted with heptane. The amount of volatiles released from the precursor was then determined by analyzing the heptane extract by gas chromatography (GC). Removing aliquots of the reaction medium at regular time intervals continuously decreased the total volume of the solution or emulsion in the closed flask and increased the headspace above it. We observed that the increasing headspace volume above the sample had almost no influence on the recovery of the volatiles by solvent extraction (see Supporting Information).
The efficiency of the extraction from the different media used in this work was verified with 3,5,5-trimethylhexanal as an example. Known quantities of the aldehyde (corresponding to 1, 5, 10, 50, and 100 mol-% of the total amount to be theoretically released from the precursors) were added to the buffer solutions and the cationic surfactant emulsion. The samples were then extracted with heptane after standing for 1 h and 240 h and analyzed by GC. Figure 7 summarizes the data obtained from the extraction of the cationic surfactant emulsion. Under the present conditions, one can see that the recovery of 3,5,5-trimethylhexanal is not quantitative, as both curves (corresponding to the extraction after 1 h and after 240 h) are lying below the diagonal line of the graph, which would correspond to 100 % extraction. Nevertheless, the linearity of the lines indicates that constant amounts of aldehyde were extracted within the concentration range investigated in the present work. The fact that higher amounts of 3,5,5-trimethylhexanal were extracted after 1 h than after 240 h suggests that the aldehyde was not stable under the given conditions. A controlled release of the compound from a profragrance might therefore have a beneficial stabilizing effect. In the case of the cationic surfactant emulsion, about 40 % of the aldehyde was lost (Figure 7) , however, its degradation in the water/acetonitrile buffer solutions was considerably less pronounced (see Supporting Information, Figure S5 and Table S2 ). Figure 7 . Efficiency of the heptane extraction of (Ϯ)-3,5,5-trimethylhexanal (corresponding to 1, 5, 10, 50, and 100 mol-% of the theoretical amount to be released from 2) from a cationic surfactant emulsion after standing for 1 h (ϪϪ) and 240 h (------). For numerical data, see Supporting Information.
From these findings, we also determined the efficiency of extraction for the other fragrances at different concentrations with respect to the total amount to be released from the corresponding precursor. All compounds were only partially extracted after standing for 1 h (see Supporting Infor- Table S3 ). Although similar quantities were typically recovered from the buffer solutions at pH = 4.6 and 7.3, the extraction from the cationic surfactant emulsion was generally less efficient. The absolute values of aldehydes and ketones extracted from the different media were thus corrected according to this data. The incomplete recovery of the carbonyl compounds was expected to increase the standard deviations in the measurements. In particular, the extraction of only 7 % of (Ϯ)-2-methylundecanal from the emulsion was expected to result in a larger error in the absolute value than would occur with the other compounds. Figure 8 shows the amounts of carbonyl compounds (in mol-%) released at different time intervals from imidazolidinones 1a-9a with respect to the total amount of precursor present at the beginning of the measurements (see Supporting Information, the corresponding numerical data are listed in Table S4 ). In all cases, the volatile carbonyl compounds were released from their precursors, although in some cases at only very low concentrations.
Although the amount of aldehydes recovered from the buffer solutions continuously increased with increasing reaction time, the aldehyde concentrations released from imidazolidinones 1, 2, 8, and 9 into the cationic surfactant emulsion reached a maximum after approximately 50 h and then rapidly dropped to values of almost zero. This strong decrease in concentrations was attributed to the degradation of the aldehydes as a result of their inherent instability in the surfactant emulsion.
For imidazolidinones derived from the same amino acid amine, for example, glycinamide-based imidazolidinones 1a-9a, the ketones were generally more readily released than the aldehydes. At pH = 7.3, 15-40 % of (-)-menthone, 2-heptanone, or 5-methyl-3-heptanone were released from 4a, 5a, and 6a, respectively, after 1 h. After 240 h, these values increased to 40 % for 4a, 50 % for 5a, and even above 90 % for 6a. (R)-Citronellal derivative 3a was found to be the most efficient aldehyde precursor. Its release profile was relatively flat, forming 10-20 % of the aldehyde over the entire period of the measurement, independent of the reaction medium. Hydrophobic imidazolidinone 7a released less than 2 % of the corresponding 2-methylundecanal and, therefore, was quite stable under the conditions tested.
Keeping the same aldehyde structure yet varying the structure of the imidazolidinone showed that the substitution at C-5 strongly influenced the rate of hydrolysis for the corresponding heterocycle, which decreased with increasing size (or hydrophilicity) of the substituent. [25] From the series of 3,5,5-trimethylhexanal-releasing precursors 2a-2d (see Figure 8 and Supporting Information, Figure S6 ), glycinamide-based imidazolidinone 2a hydrolyzed more readily than its alanine analogue 2b and phenylalanine derivative 2c. However, the structurally more rigid prolinamide analogue 2d released higher amounts of 3,5,5-trimethylhexanal than alanine derivative 2b. The same trend was observed for Trifernal ® -releasing precursors 1a-1d, (R)-citronellal-releasing precursors 3a and 3b, and (-)-menthone-releasing precursors 4a and 4b (see Figure 8 and Supporting Information, Figure S6 ).
The hydrolysis of imidazolidinones in the buffered solutions showed that, in general, slightly higher amounts of volatiles were released in the samples kept at pH = 7.3 compared with those at pH = 4.6. The observation that higher amounts of aldehydes or ketones were usually extracted from the aqueous buffer solutions with respect to the cationic surfactant emulsion indicated that the presence of the surfactant had a stabilizing effect on the precursors by slowing down the rate of hydrolysis. This is also in line with previous observations made in a slightly different context. [46] Despite the high standard deviations observed at the beginning of the experiment, oxazolidine 11 released the corresponding aldehyde almost quantitatively, both in the buffered solutions and in the cationic surfactant emulsion (see Supporting Information, Figure S8 and Table S6 ). Under the experimental conditions described, the oxazolidine hydrolyzes faster than the corresponding imidazolidinones.
The release kinetics recorded in the buffered solutions might help us to understand the general behavior of the precursors in an aqueous environment and to study the influence of the structural variations on the rate of hydrolysis. As a next step, we investigated the release of the volatile aldehydes and ketones from the corresponding imidazolidinones under more realistic application conditions by following their evaporation from a cotton surface.
Release and Evaporation of Volatiles after Deposition on a Cotton Surface
In practical applications, volatile compounds must be deposited and evaporated from a surface before being perceived as a fragrance. Typical surfaces, which are important for perfumery, are skin, hair, and fabric, especially cotton. Whereas the deposition of fragrances on skin is generally achieved by directly spraying ethanolic solutions onto the surface, the deposition onto other substrates, such as hair or cotton, is more complicated, as it has to occur during a washing (and rinsing) process.
Besides having a softening effect, cationic surfactants are known to be efficiently deposited onto cotton [42] by transporting apolar compounds from an aqueous environment onto the surface of the fabric. [43] Typically, the higher the log P o/w of a given compound, the better it is expected to be deposited from an aqueous environment onto the fabric. To assess the performance of the profragrances under more realistic application conditions, we added a cotton sheet to the diluted TEA-esterquat emulsion described above containing the heterocyclic profragrance (or an equimolar amount of the corresponding reference fragrance to be released) and investigated the release of the volatile carbonyl compound by following its evaporation from dry cotton by employing dynamic headspace analysis. Dynamic headspace analysis [47] has the advantage of directly quantifying the evaporated fragrance from the targeted surface without complicated sample preparation. The desired longevity of perception in the application is achieved if, after a certain time, higher headspace concentrations of the fragrances are measured above the samples with the profragrance than above the reference sample containing an equimolar amount of the corresponding unmodified fragrance. [10, 48] One of the imidazolidinone, oxazolidinone, or oxazolidine profragrances, prepared as described above, was added to a concentrated TEA-esterquat fabric softening formulation, which was then diluted with water. The diluted formulation corresponded to the emulsion that was used for the hydrolysis experiments described in the previous section. One small cotton square (approximately 12 ϫ 12 cm) was added to the diluted surfactant emulsion for 5 min to allow the deposition of the cationic surfactant together with the profragrance (or the corresponding reference fragrance) onto the cotton surface. The cotton sheets were wrung out and air-dried for three days. For each measurement, one cotton square was placed inside a closed headspace-sampling cell and then exposed to a constant flow of air. The airflow was passed through an activated charcoal filter and a saturated sodium chloride solution to maintain constant humidity in the sampling cell. The fragrance evaporating from the cotton surface was trapped at constant time intervals onto a cartridge containing a polymeric adsorbent (Tenax ® ). After thermal desorption, the quantities of the volatiles trapped were determined by GC analysis. All analyses were compared with a reference sample composed of the unmodified fragrance, which was prepared and analyzed under the same conditions as the corresponding pro- Figure 9 . Dynamic headspace concentrations of different fragrant aldehydes and ketones (---᭺---) and the corresponding fragrant aldehydes and ketones released from glycinamide-derived imidazolidinones 1a-9a (Ϫ᭹Ϫ) measured on dry cotton after drying for three days. In the case of (-)-menthone derivative 4a, both isomers were analyzed separately, (5R,6S,9R)-4a (Ϫ᭡Ϫ) and (5S,6S,9R)-4a (ϪϪ). For numerical data, see Supporting Information.
fragrance. Average values result from at least two measurements. [10, 48] Figure 9 shows the headspace concentrations of the aldehydes and ketones released from glycinamide derivatives 1a-9a compared to an equimolar amount of the corresponding unmodified reference (see Supporting Information, the corresponding numerical data are listed in Table S7 ).
In all cases, our data show that the carbonyl compounds were successfully released from the different imidazolidinones. As previously seen in the hydrolysis experiments, the release efficiency was influenced by the structure of the leaving carbonyl compounds. It is interesting to note that the headspace concentrations of the ketones evaporated from the reference samples were close to zero, whereas the headspace concentrations of the aldehydes varied between about 2 and 15 ng L -1 . However, much higher headspace concentrations were measured for the ketones released from 4a-6a (approximately 10-125 ng L -1 ) than for the aldehydes generated from 1a-3a and 7a-9a (approximately 2-50 ng L -1 ). This difference is even more pronounced when comparing the ratios between the concentrations of the released compounds and the corresponding reference at a given time. After 150 min of sampling, approximately 210 times more 5-methyl-3-heptanone was found in the headspace above the sample treated with 6a than above the reference sample (see Figure 9 ). The presence of 5a increased the headspace of 2-heptanone by a factor of 30 with respect to the reference. 3,5,5-Trimethylhexanal was the most efficiently released aldehyde, with an increase in headspace concentration by a factor of about 8. The release of 2-methylundecanal from 7a and hexanal from 8a resulted in almost the same headspace concentrations as those measured for the unmodified reference. The strong dependence on the structure of the leaving carbonyl compound could be illustrated by the release of (-)-menthone from (5R,6S,9R)-and (5S,6S,9R)-4a. The two isomers were measured separately and, under the present reaction conditions, the (5S)-isomer released about 1.5 times more (-)-menthone than its (5R)-analogue.
Absolute headspace concentrations measured by the present method show large variations, which presumably result from the lack of control of various parameters during the line drying of the cotton sheets. Nevertheless, relative values (obtained by comparison to the reference) were found to be quite reproducible. Typically, the headspace concentrations increased at the beginning of the measurement and reached a maximum before decreasing again. This effect was generally observed for different types of precursors and has been attributed to the equilibration of the headspace cells. [10, 48] Figure 10 shows the headspace concentrations of a given aldehyde or ketone released from imidazolidinones with different substituents at C-5. With respect to the glycinamide- based imidazolidinones (see Figure 9 ) and as seen in the hydrolysis experiments, the substitution at C-5 generally resulted in lower headspace concentrations of the corresponding carbonyl compounds released from the precursors.
Changing the substituent at C-5 from hydrogen (1a, 2a) to methyl (1b, 2b) and to benzyl (1c, 2c) decreased the hydrophilicity of the precursor (see Supporting Information, Table S1 ) and thus its water solubility. On the other hand, more hydrophobic molecules are expected to be more preferably deposited onto a cotton surface than more hydrophilic ones. [43, 46] Therefore, with an equally efficient hydrolysis reaction, one could expect the more hydrophobic precursor to give rise to the highest headspace concentrations in application. However, as stated above, hydrolysis efficiency works in the opposite direction with the more polar glycinamide-based imidazolidinones 1a-9a being more readily hydrolyzed than their C-5-substituted analogues. Overall, the efficiency of hydrolysis seems to be more important than the amount of precursor deposition.
Comparison of the data obtained for the release of the carbonyl compounds from imidazolidinones 1a-9a by hydrolysis ( Figure 8 ) and headspace analysis (Figures 9 and 10) shows a correlation only within a homologous series of compounds with a different substituent at C-5 (e.g., imidazolidinones 2a-2d) or with the ketone-releasing precursors 4a-6a. It is not possible to predict the efficiency of release of the different aldehydes in practical application from the hydrolysis data. For example, precursor 7a was relatively stable in a solution releasing less than 2 mol-% of the aldehyde after two weeks. Nevertheless, dynamic headspace analysis on cotton revealed a slight slow-release effect, when compared with the free aldehyde as the reference (see Figure 9 ). This effect might be due to a favorable deposition of the precursor as a result of its high log P o/w . On the other hand, oxazolidine 11 did not give rise to higher headspace concentrations of 3,5,5-trimethylhexanal on the dry cotton with respect to the reference sample, despite its almost quantitative hydrolysis in solution (see Figure 10 ). In this case, the hydrolysis in solution is probably so fast [11] that the compound behaves almost like the unmodified reference sample. Similarly, although not tested in solution, oxazolidin-4-one 10 did not efficiently release 3,5,5-trimethylhexanal on the cotton and, thus, was not a suitable precursor for this type of application. Imidazolidinones were more efficient precursors for the targeted application than the corresponding oxazolidinones or oxazolidines.
Conclusions
The development of hydrolytically cleavable precursors for the controlled release of fragrances is particularly challenging, as these compounds are often stored in aqueous media and, thus, in the presence of the release trigger. Finding the ideal compromise between precursor stability and release efficiency is typically not easily achieved, especially as there are a considerable number of different physicochemical parameters to take into account. Subtle modifications of the precursor structure have an important influence on the interplay of these parameters and can, therefore, strongly impact the performance of these products in application.
Imidazolidin-4-ones are efficient precursors for the slow release of bioactive volatile compounds and prolong the longevity of fragrance evaporation in practical applications. Hydrolysis experiments carried out in buffered solutions of water/acetonitrile (4:1) at different pH levels or in a cationic surfactant containing aqueous emulsion showed that ketones were generally more readily released than aldehydes. Increasing the size of the substituents at C-5 increased the hydrophobicity of the precursors, but decreased the rate of hydrolysis in solution as well as on the target surface. Dynamic headspace analysis above a cotton surface showed that glycinamide-based imidazolidinones represented the ideal compromise between precursor stability and release efficiency for the applications tested.
Hydrolysis rates determined in solution might be useful for predicting the efficiency of a controlled release under physiological conditions for drug delivery, but these data are only partially relevant for evaluating the release of fragrances from different surfaces. Although the combination of release efficiency in solution and the amount of surface deposition were occasionally used to estimate the efficiency of fragrance-delivery systems, our data show that neither the release rates in solution, nor the hydrophobicity of the precursor structure, nor the combination of both was sufficient to predict the performance of the precursor-based fragrance-delivery systems in application. To control the release of volatiles, additional parameters such as equilibria resulting from the presence of surfactants, surface deposition, volatility of the released compounds, and evaporation rates will have to be considered to understand and improve fragrance delivery in future work.
Nevertheless, hydrolytically cleavable 1,3-heterocycles are important and efficient delivery systems within different areas of the life sciences, and our work will not only contribute to the future development of precursor-based release systems for fragrances, but also to the development of delivery systems for drugs, agrochemicals, and other bioactive compounds. More research efforts are required to better understand the interplay of the different parameters involved to predict and achieve an optimum performance of hydrolytically cleavable 1,3-heterocycles.
Experimental Section
General Comments: Commercially available reagents and solvents were used without further purification if not stated otherwise. Reactions were carried out in standard glassware under N 2 .
General Method for the Preparation of Imidazolidin-4-ones 1a-1d:
A mixture of (Ϯ)-3-phenylbutanal (Trifernal ® ), amino acid amide hydrochloride, TEA, and K 2 CO 3 in ethanol was heated to 60°C for 24 h. After cooling to room temperature, the solvent was removed, and the residue was dissolved in ether. The solvent was evaporated to yield the imidazolidin-4-one, usually as a mixture of diastereomers.
(؎)-2-(2-Phenylpropyl)imidazolidin-4-one (1a): This compound was prepared as described above from Trifernal ® (0.67 g, 4.5 mmol), glycinamide hydrochloride (0.50 g, 4.5 mmol), TEA (0.46 g, 4.5 mmol), K 2 CO 3 , and ethanol (4 mL) to yield a highly viscous, yellow oil (0.52 g, 57 %) as a mixture of diastereomers still containing ethyl acetate. 
General Method for the Preparation of Imidazolidin-4-ones 2-9:
The carbonyl compound and TEA were added to a suspension of the amino acid amide hydrochloride in dry methanol. The mixture was heated at reflux for 18 h. After cooling to room temp. and, in some cases, stirring for 24 h, the solvent was removed under reduced pressure. Then, demineralized water (20-25 mL) was added to the residue, and the mixture extracted with ethyl acetate (3 ϫ 20-25 mL). The combined organic phases were dried with Na 2 SO 4 and concentrated, and the residue was dried under high vacuum (0.2 mbar, 1 h at room temperature) to give the imidazolidin-4-one, usually as a mixture of diastereomers.
(؎)-2-(2,4,4-Trimethylpentyl)imidazolidin-4-one (2a):
This compound was prepared as described above from (Ϯ)-3,5,5-trimethylhexanal (2.58 g, 18.1 mmol), TEA (2.00 g, 19.8 mmol, 2.7 mL), glycinamide hydrochloride (2.00 g, 18.1 mmol), and dry methanol (20 mL) to give, after additional drying (0.5 h at 60°C), a yellow paste (3.44 g, 96 %). 
(؎)-(5S)-5-Methyl-2-(2,4,4-trimethylpentyl)imidazolidin-4-one (2b):
This compound was prepared as described above from (Ϯ)- 
(؎)-(5S)-5-Benzyl-2-(2,4,4-trimethylpentyl)imidazolidin-4-one (2c):
This compound was prepared as described above from (Ϯ)-3,5,5-trimethylhexanal (0.64 g, 4.5 mmol), TEA (0.50 g, 5.0 mmol), lphenylalaninamide hydrochloride (0.74 g, 4.5 mmol), and dry methanol (6 mL) to give a highly viscous, yellow oil (1.23 g, 95 %). 1 13 [(5R,6S,9R)-4a] and (5S,6S,9R)-6-isopropyl-9-methyl-1,4-diazaspiro[4.5]decan-2-one [(5S,6S,9R A pure fraction of (5S,6S,9R)-4a (200 mg) was dissolved in ethyl acetate (1 mL) and heptane (5 mL), and the solution was refrigerated overnight to give small crystals. Removing the solvent and dissolving the residue again in a mixture of ethyl acetate (0.5 mL) and heptane (2.5 mL) at 50°C gave, after the mixture was refrigerated, crystals suitable for X-ray crystal analysis. Recrystallization from pure heptane afforded the crystals used for the single crystal X-ray structure analysis.
Single-Crystal X-ray Structure Analysis: Crystals of (5S,6S,9R)-4a were mounted on loops, and all geometric and intensity data were taken from a single crystal. Data collection using Mo-K α radiation (λ = 0.71073 Å) was performed at 120 K with a STOE IPDS II-T diffractometer equipped with an Oxford Cryosystem open flow cryostat. [49] The structure was solved and refined using full-matrix least-squares on F 2 with the SHELX-97 package. [50] All heavy atoms were refined anisotropically. Hydrogen atoms were introduced as fixed contributors, when a residual electronic density was observed near their expected positions. Table 2 shows the crystallographic data and details of the structure analysis. (approximately 30 mg) was stirred overnight in ethyl acetate (1 mL) with silica gel (50 mg). The mixture was filtered, and the filtrate was concentrated. NMR spectroscopic analysis in CDCl 3 showed that the sample of (5R)-4a isomerized to a mixture containing 25 % of (5S)-4a, whereas the sample of pure (5S)-4a remained unchanged. No release of (-)-menthone was observed under these conditions. In a further test, the pure isomers (20 mg) were mixed with flash silica gel (50 mg) and either ethyl acetate or chloroform (CDCl 3 , 1 mL), or alternatively, the pure isomers were mixed with TFA (to give a final concentration of 0.1 %) and either ethyl acetate or chloroform. The mixtures were stirred overnight and filtered (using a 0.45 μm membrane filter). The ethyl acetate solutions were concentrated, and the residue was then dissolved in CDCl 3 , whereas the CDCl 3 solutions were directly analyzed by NMR spectroscopy. The compositions indicated in Table 1 were obtained. Equilibration kinetics were measured for solutions of pure (5R,6S,9R)-4a or (5S,6S,9R)-4a (30 mg) in CD 3 OD (0.7 mL) by NMR spectroscopy at different time intervals. To determine the composition of the samples at a given time, we used average peak integrals corresponding to three pairs of 13 Table 3 and illustrated in Figure 5 . The sum of the two peak areas of a given pair corresponded to 100 %. The standard deviations calculated from the percentages of the three different peak pairs were found to be below 0.009. 
(؎)-2-Methyl-2-pentylimidazolidin-4-one (5a):
This compound was prepared as described above from 2-heptanone (1.03 g, 9.1 mmol), TEA (1.00 g, 9.9 mmol, 1.35 mL), glycinamide hydrochloride (1.00 g, 9.1 mmol), and dry methanol (10 mL). Bulb-to-bulb distillation (0.5 mbar, 100°C) to remove the remaining volatile compounds followed by drying under high vacuum yielded a yellow paste (0.77 g, 50 %). 
(؎)-2-Ethyl-2-(2-methylbutyl)imidazolidin-4-one (6a):
This compound was prepared as described above from (Ϯ)-5-methyl-3-heptanone (1.74 g, 13.6 mmol), TEA (1.48 g, 14.7 mmol, 2 mL), glycinamide hydrochloride (1.50 g, 13.6 mmol), and dry methanol (15 mL). Bulb-to-bulb distillation to remove the remaining volatile compounds followed by drying under high vacuum yielded a yellow-orange paste (0.26 g, 10 % 
2-(2,4-Dimethylcyclohex-3-en-1-yl)imidazolidin-4-one (9a):
This compound was prepared as described above from (Ϯ)-2,4-dimethyl-3-cyclohexene-1-carbaldehyde (Triplal ® , trans/cis, approximately 3:1; 1.00 g, 7.2 mmol), TEA (1.10 g, 11.0 mmol), glycinamide hydrochloride (0.80 g, 7.2 mmol), and dry methanol (10 mL) to give a yellow oil (1.37 g). Bulb-to-bulb distillation to remove the re-maining aldehyde gave a highly viscous, orange-yellow oil [ 2 mmol) in THF (5 mL) and ether (7.5 mL). After stirring at room temperature for 24 h, the reaction mixture was washed with sodium acetate (10 %, 5 mL), dried with Na 2 SO 4 , and concentrated to give a brownish-orange paste (2.86 g). Column chromatography (SiO 2 , ethyl acetate/heptane, 4:1) gave a yellow oil (0.28 g. 11 %, approximate ratio of diastereomers, 2:1). 1 
Procedure for the Hydrolysis in Aqueous Media (with Increasing
Headspace Volume): Buffer stock solutions were prepared by dissolving (upon sonication) eight buffer tablets (Fluka), pH = 4.0 (potassium hydrogen phthalate) or 7.0 (sodium/potassium phosphate), in demineralized water (640 mL). Then, acetonitrile (160 mL) was added to give a mixture of water/acetonitrile (4:1, v/v). The pH values of the final buffer solutions were measured (with a Mettler Toledo MP220 apparatus with an InLab 410 Ag/ AgCl glass electrode) as 4.6 (for the potassium hydrogen phthalate buffer solution) and 7.3 (for the sodium/potassium phosphate buffer solution). A concentrated cationic surfactant formulation of a TEA-esterquat (Stepantex VL 90A, 16.5 %, w/w), 10 % calcium chloride (0.6 %, w/w), and water (82.9 %, w/w) was prepared. This formulation (1.8 g) was then dispersed with demineralized, cold tap water (600 mL) to give a diluted TEA-esterquat emulsion, and the pH was measured as 4.4. Imidazolidinones 1-9 and oxazolidine 11 were weighted into ethanol (2 mL) to obtain concentrations as closely as possible to 7.5 ϫ 10 -2 mol L -1 (1a, 31.4 mg; 1b, 33.1 mg; 1c, 44.7 mg; 1d, 37.2 mg; 2a, 29.9 mg; 2b, 32.1 mg; 2c, 43.8 mg; 2d, 36.6 mg; 3a, 31.6 mg; 3b, 34.0 mg; 4a, 32.0 mg; 4b, 33.7 mg; 5a, 25.6 mg; 6a, 28.2 mg; 7a, 36.6 mg; 7b, 38.4 mg; 8a, 23.5 mg; 9a, 29.9 mg; 11, 32.5 mg). All measurements were carried out in duplicate. In a 50-mL glass flask, the imidazolidinone or oxazolidine solution (0.1 mL) was added to either one of the buffer solutions or the cationic surfactant emulsion (50 mL, to give a final concentration of approximately 1.5 ϫ 10 -4 mol L -1 ). The flask was closed and shaken vigorously (10ϫ). After 1 h, the flask was shaken again (10ϫ), and then an aliquot (5 mL) was removed by pipette and extracted with heptane (0.3 mL). The heptane phase (0.10 to 0.15 mL) was decanted and analyzed by GC. The samples (5 μL) were injected into an Agilent Technologies 7890A GC system equipped with a HP-5 capillary column (30 m, 0.32 mm ID, film 0.25 μm) and eluted with a constant flow of He (3 mL min -1 ) using a temperature gradient starting from 60°C during 1 min, then heating to 260°C at 20°C min -1 . The injector temperature was kept at 250°C with the FID-detector temperature at 280°C. The samples were left at room temperature (21.7°CϮ1.7°C). Additional aliquots (5 mL) were removed by pipette and extracted after 24, 48, 72, 96, 168, 192, 216 , and 240 h. During the measurement, the total volume of the sample in the flask continuously decreased, as the headspace above it increased. The amount of aldehydes and ketones released from the precursors was quantified by external standard calibration using a mixture of the freshly distilled carbonyl compounds at five different concentrations. Calibrations were carried out in triplicate by linear regression (forced through the origin of the coordinate system).
Verification of the Extraction Efficiency:
A stock solution of (Ϯ)-3,5,5-trimethylhexanal (215.1 mg) in ethanol (20 mL) was prepared. The solution was then diluted by a factor of 2 and 10, and each of these solutions was further diluted by a factor of 10 to give solutions at five different concentrations (1, 5, 10, 50, and 100 mol-% of the total amount of aldehyde to be theoretically released from the respective precursor). The different solutions (0.14 mL) were then added to the buffer solutions or the cationic surfactant emulsion (7 mL) in a small glass flask. Two flasks were prepared for each solution or emulsion. The flasks were closed and shaken vigorously (10ϫ). After 1 h, the content of one of the flasks was extracted with heptane (0.3 mL). The heptane phase (0.10 to 0.15 mL) was decanted and analyzed by GC as described above. The content of the second flask was extracted after 240 h. All measurements were carried out in triplicate. The average amount of aldehyde extracted was plotted against the total amount originally added to the sample. Similarly, the efficiency of the extraction for the other fragrances was determined using concentrations corre- Procedure for the Dynamic Headspace Measurements on Cotton: [10, 48] For the measurements, a solution of imidazolidinone (1 mL, conc. = 7.5 ϫ 10 -2 mol L -1 ) was added to a concentrated TEA-esterquat fabric softener formulation (1.80 g, see above). Similarly, a reference sample containing an equimolar amount of the carbonyl compound to be released was prepared. Each sample was then dispersed in a beaker with demineralized, cold tap water (600 mL) to give the diluted TEA-esterquat solution (see above). One cotton sheet [EMPA (Eidgenössische Materialprüfanstalt) cotton test cloth Nr. 221, prewashed with an unperfumed detergent powder and cut to approximately 12 ϫ 12 cm sheets] was added to each beaker with the diluted surfactant emulsion. The sheets were stirred manually (3 min), set aside (2 min), and then wrung out by hand and weighed to ensure a constant quantity of residual water. The two sheets were line dried for 3 d. Each sheet was then put inside a headspace sampling cell (about 160 mL inner volume) which was thermostatted at 25°C and exposed to a constant airflow (about 200 mL min -1 ). The air was filtered through activated charcoal and aspirated through a saturated solution of NaCl. The headspace system was allowed to equilibrate (15 min), and then the volatiles were adsorbed onto a clean Tenax ® cartridge (15 min) and a waste Tenax ® cartridge (45 min), the latter of which was discarded. The sampling was repeated (7ϫ). The cartridges were desorbed with a Perkin-Elmer TurboMatrix ATD 350 desorber coupled to a Perkin-Elmer Autosystem XL gas chromatograph equipped with a J&W Scientific DB1 capillary column (30 m, 0.25 mm ID, film 0.25 μm) and a Perkin-Elmer Turbomass Upgrade mass spectrometer. The volatiles were analyzed by GC using a two-step temperature gradient starting from 60°C during 5 min, then heating to 120°C at 15°C min -1 , and then heating to 230°C at 45°C min -1 . The injection temperature was 240°C with the detector temperature at 260°C. Headspace concentrations (in ng L -1 of air) were obtained by an external standard calibration of the corresponding fragrant aldehydes and ketones using ethanol solutions at a minimum of five different concentrations. The calibrated solutions (0.2 μL) were injected onto Tenax ® cartridges, which were then immediately desorbed under the same conditions as those resulting from the headspace sampling. Calibrations were carried out by linear regression (forced through the origin of the coordinate system).
Note: Trifernal
® is a registered trademark of Firmenich SA, Triplal ® is a registered trademark of Int. Flavors and Fragrances Inc.
Supporting Information (see footnote on the first page of this article): Instrumentation used in this work, additional figures of the crystal structure, the hydrolysis experiments and the headspace measurements, the calculated log P o/w values of the precursors, the data for the efficiency of the aldehyde and ketone extractions, the procedure for the hydrolysis experiments in aqueous media with a constant headspace volume, the numerical data for Figures 7, 8, 9 , and 10, and the figures of the 1 H and 13 C NMR spectra for compounds 1-11.
